Sunflower is adapted to different soil and climate conditions, but its water and nitrogen requirements are not well defined. This study was carried out in Apodi, Rio Grande do Norte, Brazil, to evaluate the oil yield of sunflower in response to irrigation depth and nitrogen dose. A randomized block experimental design was used with a factorial scheme with four replications. The factors tested were irrigation depths corresponding to 58, 80, 100 and 120% of crop evapotranspiration (water-use efficiency variable), and nitrogen doses corresponding to 40, 100, 200 and 370% of the standard dose. Data were submitted to analysis of variance by the F-test, followed by the Tukey test of means and regression analysis. The increase in the water depth until 100% ETc and in the nitrogen dose until 260 kg ha -1 promoted increase in the values of all variables, but at higher nitrogen doses the variables decreased. The response surfaces showed stronger response to nitrogen dose for the water depths around 100% ETc and for the lower nitrogen doses, and greater water use efficiency for the production of oil for the water depths around 100% ETc, independently of nitrogen dose.
stress and can still produce high yields (Mei, Zhong, Vadez, & Liu, 2013) . In relation to nitrogen, it provides equilibrium between accumulated protein and oil production in oilseed plants, influencing the metabolism for synthesis of reserve compounds in seeds.
Among all the nutrients, nitrogen is found at higher concentrations in plants and is the most limiting for plant growth. It is a constituent of protein and chlorophyll molecules; participates in ion uptake, cell multiplication and differentiation; and acts in the metabolism and nutrition of sunflower crop. The judicious management of nitrogen fertilization for increasing nitrogen use efficiency is very important for maintaining crop production while also reducing environmental pollution by nitrogen losses. This concern is due to the increasing cost of nitrogen fertilizer and to the need to feed a growing world population. The difficulty of managing nitrogen in agriculture is due to its interactions with the environment and its mobility in the soil. Adequate supply of nitrogen to sunflower is essential for optimum yield because it increases root and leaf length, leaf area duration, and photosynthesis. Its deficiency reduces achene yield, while excess lowers the oil content, increases the incidence of pests, diseases and lodging, and may result in excessive vegetative growth in detriment to yield (Ahmad et al., 2018; Moraes, Moreira, Souza, & Cerezini, 2017; Contreras, Barzan, Contreras, & Brito, 2017) According to Klar (1988) , adequate soil fertility increases crop water use efficiency, and nitrogen is one of the nutrients with the greatest effect on this efficiency. Thus, the increase in crop yield with fertilization causes an increase in water use efficiency.
The objective of this work was to evaluate the effect of water and nitrogen use efficiency on sunflower oil productivity in the soil and climatic conditions of Apodi, RN, Brazil.
Material and Methods
The study was developed at the Federal Institute for Education, Science and Technology of Rio Grande do Norte (IFRN), Apodi Campus, in the municipality of Apodi, RN, Brazil (5º37′27″S; 37º48′88″W), with average altitude of 131 m.
According to the Köppen classification, Apodi's climate is BSwh', i.e., semiarid and very hot, with the rainy season in the summer extending to the fall. Average annual rainfall is 765 mm, the temperatures range from 22.8 °C to 34.1 °C, with average of 27.5 °C, and the relative humidity is 66.8%.
The experiment was carried out on a clay-loam Eutrochrept soil, with characteristics in the 0-20 and 20-40 cm layers of: pH: 7.2 and 6.4; P: 2.0 and 2.0, K: 305 and 207, Na: 22 and 16, in mg dm -3 ; Ca: 7.3 and 3.0, Mg: 2.4 and 1.4, in cmol c dm -3 ; clay: 244 and 313, silt: 298 and 366, sand: 458 and 321, in g kg -1 ; soil density: 1.8 and 1.9, particle density: 2.45 and 2.49, in kg dm The experimental design was a randomized block in a factorial scheme with four replicates. The factors were irrigation depths of 275, 381, 478 and 575 mm, corresponding to 58, 80, 100 and 120% of crop evapotranspiration (ETc), and nitrogen doses of 28, 70, 140 and 260 kg ha -1 , corresponding to 40, 100, 200 and 370% of the recommended dose of 70 kg ha -1 . The experimental area had dimensions of 24 × 52 m, with 48 rows. The dimensions of the plots were 2 × 5.5 m, with a useful area of 1 × 4.5 m with two plant rows.
Soil tillage consisted of two passes of a disc harrow at an interval of 15 days, followed by the opening of furrows with 0.15 m depth for basal fertilization. After that, three seeds per hill of the cultivar Catissol 01 were sown at spacing of 0.5 × 0.35 m. Thinning was performed 11 days after sowing (DAS), leaving one plant per hill, comprising 26 useful plants per plot and a population of 57 143 plants ha
The irrigation until 17 DAS was performed by a conventional sprinkling system. Three lateral lines with 54 m length contained ten sprinklers spaced art 6 × 12 m, with 3.0 mm nozzles, a range of 11.8 m, and a flow rate of 0.57 m³ h -1 under a working pressure of 250 kPa. After 17 DAS, the irrigation depths were differentiated and the system started to operate as a "line source sprinkler system", according to the method proposed by Hanks, Keller, Rasmussen, and Wilson (1976) . The system was composed of a central line with ten sprinklers spaced every 6 m. The sprinkler coverage overlap provided greater watering near the lateral line and a decreasing gradient perpendicular to the pipe. The plots were located along the direction perpendicular to the sprinkler line, allowing the differentiation of the irrigation depths. The irrigation system was evaluated and obtained a Christiansen uniformity coefficient (CUC) of 91.5%.
Irrigation was performed every two days, replacing the estimated crop evapotranspiration (ETc) of the period. The equation used to estimate the reference evapotranspiration (ETo) was that of Allen, Pereira, Raes and Smith (2006) , with climatic data obtained at the INMET meteorological station (Apodi-A340), located near the experimental area. The crop coefficients (Kc) used to obtain ETc were 0.52; 0.70; 0.98 and 0.81, corresponding jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 4; 2019 to sunflower phenological phases I, II, III and IV (Cavalcante Junior et al., 2013) , which had duration of 28, 15, 27 and 23 days respectively.
Fertilization consisted of 80 kg ha -1 of P, 34 kg ha -1 of K, 1 kg ha -1 of B, and 3 kg ha -1 of Zn, according to the soil analysis and nutritional requirements of the crop cited by Ribeiro, Guimarães, and Alvarez (1999) . The application of phosphorus was basal, while potassium, boron and zinc were top dressed at 35 days after sowing (DAS). A basal application of 20 kg ha -1 of nitrogen was carried out and the remaining 8, 50, 120 or 240 kg ha -1 , according to the treatments, were top dressed at 35 DAS in the form of ammonium sulfate. No pesticide was applied and weeds were removed by hand at 11 DAS.
Harvesting was performed manually at 93 DAS, when the capitulum presented a light brown color, gradually evolving to dark brown. After the harvest, they were dried in a forced-air oven at 65 °C for 72 hours.
Measurements included achene yield, oil content, oil yield, water use efficiency (WUE), response to nitrogen dose for production of achenes (RNDA), and water use efficiency for production of oil (WUE oil ). For determination of oil content, grains were ground in a knife mill, weighed (MA) and placed in a Soxhlet extractor, where the material remained in reflux with hexane for six hours. After extraction, the hexane was recovered in a rotary evaporator and then the extracted oil was put in a hot water bath at 65 °C for 12 hours, for later weighing (MO). ); WUEoil: water use efficiency for production of oil (kg ha -1 mm -1 ).
The resulting data were submitted to analysis of variance by the F-test (p < 0.05). When a significant effect was verified, the means were submitted to the Tukey test, and to regression analysis to obtain the response surfaces, which were drawn in two dimensions.
Results and Discussion

Results
The factors water depth and nitrogen dose had a significant effect (p < 0.01) on the variables oil content (Coil), oil yield (Yoil), water use efficiency in the production of achenes (WUEA), water use efficiency in oil production (WUEoil), and response to nitrogen dose for the production of achenes (RNDA) of sunflower cultivar Catissol 01. The coefficients of variation obtained for these variables were between 4.1 and 13.4%.
In general, the values of all variables increased until the water depth of 478 mm (100% ETc), and decreased with depths greater than 575 mm (Table 1) . However, the increase in nitrogen dose promoted an increase in the values of Coil, Yoil, WEA and WUEoil until the biggest dose (260 kg ha -1
), whereas RNDA presented inverse results, that is, the increase in nitrogen dose caused large decrease in its use efficiency by the sunflower plants. Note. * Means followed by the same lowercase letters in the row and by the same uppercase letters in the column do not differ statistically from each other by the Tukey test at 0.05 probability.
The increases in values of the variables when water depth increased from 275 to 478 mm were 23% for Coil, 251% for Yoil, 65% for WUEA, 200% for RNDA and 103% for WUEoil. An even greater increase in water depth to 120% ETc resulted in decreases of 6% for Coil, 20% for Yoil, 30% for WEA, 16% for RNDA and 33% for WUEoil. When the factor nitrogen dose was considered, the increase from 28 to 260 kg ha -1 caused increases of 6, 29, 25 and 32% in values of Coil, Yoil, WUEA and WUEoil, respectively, while RNDA decreased by 87%.
The analysis of the interaction between the factors water depth and nitrogen dose (Table 1) showed a significant and rising effect of the increase in nitrogen dose from 28 to 260 kg ha -1 . For Coil, this effect was significant for the water depths from 275 to 478 mm, with increases of 8 and 12%, respectively. For Yoil, significant effects were observed for water depths of 381 and 478 mm, with increases of 41 and 26%, while for WUEA, significant effects were observed for water depths of 275 and 381 mm, with increases of around 38%. On the other hand, the interaction was significant for all water depths for RNDA and WUEoil, which led to preparation of response surfaces for these variables.
The model with best fit for the response surface of RNDA was the third-order polynomial (Figure 1 ). In general, the biggest estimated RNDA values (70 to 90 kg ha -1 kg -1 ha) were obtained when the water depths were around 100% ETc (450 to 500 mm) and nitrogen doses were lower (28 to 50 kg ha ** significant at p < 0.01 by the F-test.
When the WUEoil was considered, the model with best fit for the response surface was also the third-order polynomial (Figure 2 Where, a = 16.5886 ** ; b = -0.1343 ** ; c = 3.64 × 10 -4** ; d = -3.08 × 10 -7** ; e = 4.20 × 10 -3** ; f = -7.86 × 10 -6* ** significant at p < 0.01 by the F test, ** significant at p < 0.05.
Discussion
The decrease in oil content with irrigation depths larger or smaller than the standard depth (478 mm) can be attributed to water stress, which causes the closure of the stomata, reducing transpiration, photosynthesis and respiration, or to the excess of water in the soil, which lowers the concentration of O 2 and causes reduction in Vol. 11, No. 4; 2019 chlorophyll and increase in carotenoids of plants. This reduces photosynthetic rates and the accumulation of photosynthates, thus reducing the sunflower oil content.
In agreement with our results, Silva, Bezerra, Sousa, Pereira Filho, and Freitas (2011) also observed an increase in the oil content of the cultivar Catissol 01 with the increase in water depth. They obtained the highest oil content (43%) with the water depth of 533.7 mm, results larger than those obtained in our experiment. Higher oil contents were also observed by Ali, Ashraf, and Anwar, (2009) when comparing normally irrigated hybrids with sunflower plants submitted to water stress in the vegetative and reproductive phases. On the other hand, Gomes et al. (2012) did not observe differences in oil content as a function of irrigation depths. Probably their study used different cultivars under different management conditions.
Although small, the increase in oil content (6%) when nitrogen dose was increased from 28 to 260 kg ha -1 differed from results obtained by Carvalho and Pissaia (2002) , who found no change in oil content when the nitrogen dose varied from zero to 125 kg ha -1 , and also from those obtained by Zheljazkov et al. (2009) , who observed a reduction in oil content in four hybrids with increasing doses of nitrogen (0, 67, 134 and 202 kg ha -1 ). Overall, nitrogen acts on the equilibrium between the contents of proteins and oil, as it influences the metabolism for synthesis of reserve compounds in seeds.
We observed increased oil yield when water depth increased until 100% ETc (478 mm) and decrease in Yoil with a greater increase in water depth. An increase in Yoil for the cultivar Catissol 01 was also observed by Silva et al. (2011) when they increased the water depths applied. However, they obtained a bigger Yoil (1851.55 kg ha -1 ) than ours using a greater water depth (150% Etc).
Increased oil production with increasing water depths was also observed by Silva, Faria, Morais, Andrade and Lima (2007) , who obtained lower Yoil than that obtained by us. These authors obtained Yoil values of 633.47 and 467.42 kg ha -1 for cultivars H250 and H251 when they applied a water depth of 522.14 mm (130% ETc).
The increase in nitrogen doses from 28 to 260 kg ha -1 in our study caused an increase of 29% in oil yield. An increase in Yoil with increased nitrogen dose was also reported by Zagonel and Mundstock (1991) and Lobo, Grassi Filho, and Coelho (2012) . The highest values obtained by these authors were respectively 1041 and 954 kg ha -1 for the cultivars DK180 and Contissol 711, bigger than those obtained in our experiment. Although the Yoil of sunflower is due both to the production of achenes and to their oil content, the small variations in Coil when compared to the large variations in Yoil indicated that the production of achenes was more important for the increase in Yoil.
Our observation of increased WUEA as a function of the water depths only until 100% ETc followed by a decrease with greater water depths (120% Etc) is in line with Gomes et al. (2012) , who also obtained the best irrigation efficiency with 100% ETc, although their result (7.43 kg ha -1 mm -1 ) was larger than ours. Meanwhile, the reduction in WUEA for the cultivar Catissol 01, observed by Duarte et al. (2012) , when applying the highest irrigation depth in a study about water suspension, diverged from our results.
The notable reduction in WUEA for the water depths lower than 100% ETc is related to the decrease in the yield of achenes due to water deficit at the lower water depths. Meanwhile, the decrease in WUEA with increase of the water depth to 120% ETc can be attributed to the reduction in photosynthetic rate due to the decrease in soil aeration, which reduced the yield of achenes.
The increase in WUEA with rising doses of nitrogen from 28 to 260 kg ha -1 is attributed to the increase in the yield of achenes promoted by the larger nitrogen doses. These results show the importance of defining adequate water depth and nitrogen dose to maximize the production per unit of applied water, thus reducing production costs.
Overall, the effect of the factor water depth was more pronounced than the effect of the nitrogen doses for the increase in values of Coil, Yoil and WUEA. The increase in water depth resulted in larger increases in the values of these variables compared to the increases due to increasing nitrogen doses (Table 1) .
The RNDA as a function of the water depths was bigger for the water depths around 100 ETc and coincided with the lower nitrogen doses (Figure 1 ). The increase in nitrogen dose caused a decrease in the RNDA independently of water depth applied. The positive individual effect of the water depth was substantial, as was the negative individual effect of the factor nitrogen dose (Table 1) . Due to the exploitation by the sunflower of the nitrogen contained in the soil organic matter, nitrogen doses above the crop needs improved vegetative growth to the detriment of the yield of achenes. Thus, the agronomically viable region of the response surface encompasses the water depths of 440 and 540 mm and the nitrogen doses of 28 and 50 kg ha -1 .
In general, the negative effect of nitrogen doses on RNDA of the sunflower plants was more pronounced than the jas.ccsenet.org
Journal of Agricultural Science Vol. 11, No. 4; 2019 effect of water depths, evidenced by the fact that the positive effect of the water depth is depicted in a small portion of the response surface (Figure 1 ). The tendency for decrease in RNDA follows the direction of the higher nitrogen doses, while a small area of greater RNDA is localized around the water depth of 100% ETc.
The response surface shows that biggest WUEoil values occurred with water depths around 100% ETc (450 to 500 mm), regardless of nitrogen dose, and decreased with the lower and higher water depths. Figure 2 shows that values of WUEoil decreased progressively toward the lower water depths but did not vary with nitrogen dose. Considering that the production of oil depends on the production of achenes, whose largest production occurred with water depths around 100% ETc, this is the best water depth for the production of oil.
The WUEoil value was more sensitive to the water depths than to the nitrogen doses, as demonstrated by the greater individual effects of water depth on Coil (23%) and Yoil (251%) than the individual effect of nitrogen dose, which was 6 and 29% for Coil and Yoil, respectively (Table 1) .
Our results corroborate those obtained by Gomes et al. (2012) . They obtained the best WUEoil (3.12 kg ha -1 mm -1 ) with the water depth equivalent to 100% ETc. This efficiency decreased when they used water depths equivalent to 200, 150 and 50% of ETc. A reduction in WUEoil with the increase in irrigation depths was observed by Duarte et al. (2012) , which diverges from our work.
The reduction of 50% in WUEoil when the smallest water depth (275 mm) was applied, in comparison with the water depth equivalent to 100% of the ETc (478 mm), is due to a drastic reduction of the yield of achenes, which is due to the water deficit when the water depth was reduced. The reduction in WUEoil with the increase of the water depth to 575 mm (120% of ETc) may be related to the reduced production of photoassimilates when soil aeration decreased and to the decline in the yield of achenes.
Conclusion
The increase in the water depth until 100% ETc and in the nitrogen dose until 260 kg ha -1 promoted increase in the values of all variables except the response to nitrogen dose.
Overall, the effect of water depth was more important than the effect of nitrogen dose.
The biggest response to nitrogen dose was observed for the water depths around 100% ETc and for the lower nitrogen doses.
The biggest water use efficiency for the production of oil was observed for the water depths around 100% ETc, irrespective of nitrogen dose.
